OBJECTIVES: In the belief that stress is the main determinant of leaflet quality deterioration, we sought to evaluate the effect of annular and/or sino-tubular junction dilatation on leaflet stress. A finite element computer-assisted stress analysis was used to model four different anatomic conditions and analyse the consequent stress pattern on the aortic valve.
INTRODUCTION
Despite recent advances in comprehension of aortic root dynamics, the effect of anatomic alteration of the root skeleton on leaflets stress are still poorly investigated and understood.
Surgical experience shows that under the simple name of aortic aneurysm lies a constellation of anatomical variants, involving the aortic root substructures and the ascending aorta in any combination [1] .
In the surgeon's perspective, it is common practice to focus on four substructures, which are, from proximal to distal, the aortic annulus (AA), Valsalva sinuses, sino-tubular (ST) junction and the tubular ascending aorta.
There are aneurysms involving just the tubular part of the ascending aorta and others involving each substructure. What lesion comes first? Do they all come independently or is there some kind of relationship between enlargement of one segment and the others? And if so, can earlier surgical timing allow confronting the patient with less severe forms of aortic aneurism? It is widespread knowledge that, at the time of surgical replacement of the aorta and according to the degree of damage of aortic valve leaflets, the valve itself may be spared, repaired or replaced with a valve prosthesis [2] [3] [4] .
In order to find an answer to these questions, we planned a computational study relying on powerful digital tools [5, 6] to simulate the stress on leaflets while varying the size and the shape of the substructure of the root skeleton. In particular, we aimed to investigate the effect of annular and/or ST junction dilatation on leaflet stress in four different anatomic conditions and analyse the consequent stress pattern on the aortic valve. These four configurations differed in terms of annular diameter and ST junction diameters: in the first case, assumed as normal, we designed a root model with diameters of normal anatomical proportion (ST junction/annulus ratio = 1.15). Then we modelled the first pathological configuration by enlarging the aortic annular diameter while keeping constant the ST junction diameter. Next, we created a pathological model where the aortic annular diameter was kept normal but the ST junction was enlarged, and finally we built a model with dilatation of both the AA and the ST junction. All models were then virtually pressurized and results in terms of stress were compared with ascertain differences.
METHODS
Theoretical models of four aortic root configurations (normal, with dilated annulus, with dilated ST junction and with both dilatation simultaneously) are created with the computer-aided design technique and regional stresses are evaluated with a finite element analysis.
Geometry
With the aim of performing a comparative study, the model of the aortic root and leaflets in this work does not take into account the fact that the natural aorta is not straight. The geometry adopted assumes three-leaflet symmetry, including the valvular leaflets, the Valsalva sinuses and the initial tract of the ascending aorta. The reference case (Case 1, Fig. 1A ) is the one representing a healthy valve, reconstructed following the data of Thubrikar and Swanson [7, 8] . The parametric dimensions (diameter of the sino-tubular junction, d STJ , valve height, h L , sinus height, h s , initial and ascending aorta segments, h 1 and h 2 , respectively) are scaled with respect to the aortic annulus (AA) diameter (d AA = 23 mm), and are summarized in Table 1 . The initial tract and ascending aorta are assumed to be cylindrical. The sketch of the healthy model reported in Fig. 1A shows the valvular leaflets in red and the sinus region in blue.
The geometry is discretized with quadratic six-node triangular shell elements with large deflection capability, by means of the ANSYS software [9] , resulting in 8200 elements for each leaflet, 3000 elements for the sinus region and 2000 and 4000 elements for the initial tract and the ascending aorta, respectively. A constant thickness of 0.8 mm is used for the sinuses and cylindrical tracts, while a thickness variation of the valvular leaflets is considered ranging from 0.18 mm to sinus value [10, 11] .
In order to obtain the additional geometries, the initial healthy aortic root configuration is deformed by applying convenient radial displacements on the nodes lying on the AA and/ or on the ST junction. In particular, three configurations are considered, namely Case 2, 3 and 4. Case 2 has a 15% expansion of the initial AA, and no enlargement of the ST junction, resulting in d STJ /d AA = 1.0; Case 3 has a 15% expansion of the initial ST junction, and no modification of the initial AA, resulting in d STJ / d AA = 1.32; Case 4 has a 15% expansion of both AA and ST junction with respect to their initial dimensions, so that d STJ / d AA = 1.15. The resulting deformed geometries, as well as the healthy geometry, are assumed as initial (free-stress) configurations for the stress analysis.
Materials
A linear elastic orthotropic material is considered for the biological structure under study. In particular, nine orthotropic independent elastic coefficients are used for material characterization of leaflets and root, as given in Table 2 : three Young's moduli in circumferential, radial and longitudinal directions, E 1 , E 2 , E 3 , respectively, three Shear moduli G 12 , G 13 , G 23 and three Poisson's ratios ν 12 , ν 13 , ν 23 . We use leaflet orthotropic Young's and Shear moduli as reported in literature [10] [11] [12] [13] [14] [15] , depending on the alignment of the collagen fibres and elastin and collagen concentrations. The highest value (6.885 MPa) is allocated to circumferential direction in which collagen fibres are aligned giving more stiffness to the valve, while the lowest value (1.624 MPa) is allocated to radial direction and is slightly higher than elastin Young's modulus because it includes collagen presence. 
Boundary conditions and pressure loading
The lowest nodes of the aortic root base are constrained to permit only radial displacement. The distal part of the aorta is subject to an axial extension that induces longitudinal stresses as reported by Han and Fung [16] : a longitudinal displacement of 5 mm is applied to the highest nodes of the model. Cusps and root are tied on their joint boundaries. The interaction between the cusps themselves is taken into account by generating contact elements on the leaflet surfaces to allow sliding and prevent the leaflets from passing through each other or through the sinus walls. The early diastolic phase of the cardiac cycle is considered, when peak pressure across the valve is generated, imposing time-dependent pressure loads, reaching a maximum load of 100 mmHg. The solution is incrementally obtained iteratively, dividing the pressure-loading phase into 100 steps.
RESULTS

Coaptation and valve height
The coaptation is evaluated at valve closure under the maximum pressure difference of 100 mmHg. A selected C-C plane, passing through the centre of the valve is considered, so as to better observe leaflet shape and coaptation. Figure 1B shows the projected deformed leaflet configurations for the 4 cases. By evaluating the leaflet coaptation area (the part of leaflet area contacting the adjacent leaflet surface) and normalizing it with the total leaflet area, the normalized cusps coaptation area (NCCA) is obtained. A NCCA of 30.6% is obtained for the healthy case, while 13.3, 28.2 and 13.5% are obtained for Case 2, 3 and 4, respectively. The best coaptation is observed in the healthy case. The loss of ST junction slightly affects the coaptation, while annular dilatation is responsible for a significantly reduced coaptation, whether it comes alone or combined with loss of ST junction. Moreover, as indicated in Fig. 1B , when the loss of ST junction is present, the leaflet shape is not changed significantly with respect to the normal case, while the 'belly region' is more pronounced when annular dilatation is involved.
The effective valve height at maximum pressure load is also evaluated: in case of annular dilatation, there is a reduction of the effective valve height of 26% with respect to the normal case; in case of loss of ST junction, there is an increase of valve height of 11%; in case of both dilatations, a reduction is observed of 10% with respect to the normal case. As shown in Fig. 2B , in the normal case the leaflets are fully closed, while there is a central deficiency for the cases with dilatations.
Stress evaluation
The equivalent von Mises stress distribution on the leaflets in the 4 cases is recorded at the end of the loading cycle, with maximum value of transvalvular pressure drop, in order to characterize the maximum stresses experienced by the valve during the cardiac cycle. Figure 2 reports the von Mises contours on one of the leaflets, in two different views (the shaded translucent overall deformed geometry is also reported for reference). Note that the contour ranges are reduced in order to better identify the highstressed regions. It is clear that the normal geometry experiences lower stress compared with all the 3 remaining cases. Higher levels of stresses are observed, especially when the annular dilatation is present, both in the coaptation region due to the reduced contact area on which the contact pressure acts and in the 'belly' region due to the valve prolapse. Considering the maximum stress values experienced in the 'belly' region, we obtain a 67% increment for the annular dilatation case, a 14% increment when there is loss of ST junction and a 58% increment for both dilatations, compared with the normal case. This indicates the reduced effect in increasing the tensional status of the loss of ST junction. On the other hand, the dilatation of the annulus is responsible of very high increment of stress on the whole leaflet.
In order to better compare the 4 cases, the von Mises stress is compared along two lines: the leaflet free-edge and symmetry lines, as indicated in Fig. 3 . The stress level of the normal case remains below the other cases both on the free-edge and on the symmetry line. The cases with higher level of stress are the ones with annular dilatation, while loss of ST junction slightly increases the stress on these lines. Note that on the symmetry line the stress rises from 0.28 MPa (normal conditions) to 0.32 MPa (+14%) in case of isolated dilatation of the ST junction, while increases up to 0.42 MPa (+50%) in case of isolated annular dilatation, and up to 0.4 (+43%) when also ST junction dilatation is present.
DISCUSSION
Computational analysis has nowadays exited its pioneering days and it has become a widely accepted vehicle of test. The simulation of biological phenomena remains anyhow challenging for two main reasons: first the morphology of biology is, per se, extremely articulated, down to microscopic level, and second, the properties of the materials involved (and even worse their relationship) are poorly understood.
Computers are brilliant at doing what machines do best, align numbers, but it is still up to the investigator to define the contour conditions and infer what those numbers might mean.
With these limitations in mind, the results obtained in this study cast some light in a still widely unexplored territory. Before planning the present study, we started from the simple observation that in the presence of a dilated annulus aortic valve repair is difficult and the quality of leaflet tissue is invariably poor. We then used the numerical simulation study as presented here, to verify and quantify this concept.
The application of numerical simulation studies to the surgical field, with the measure of stress (as expressed in MegaPascal), might be far from the reality, due to poor knowledge of inner properties of the materials involved. Nevertheless, when all different variables, except the shape, are kept constant, the measure of the differential pattern of stress and strain is most probably a reliable finding.
For this reason, we might consider with reasonable confidence that the annular dilatation is the key element determining increase of stress on aortic leaflets, and this happens independently from an associated ST-junction dilatation. Indeed, these experimental data indicate that annular ectasia increases stress on leaflets by nearly 70%, while ST dilatation only increases it by 15%; this finding might suggest that dilatation of ST junction on an aorta with a dilated annulus does not substantially change the stress on cusps.
The direct anatomical consequence of these findings might be that the presence of a dilated annulus increases the probability 
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of facing, at time of surgery, an intrinsically damaged cusp. This is probably more evident if the annulo-ectasia is a long-standing disease process. On the other hand, in the presence of an isolated ST junction, the chance of finding a normal and healthy cusp should be much higher.
From these considerations we can infer some practical conclusions. If the pre-eminent aim of the surgery for a given patient is to preserve the aortic valve, an initial annular ectasia combined with root dilatation might be considered for surgery at an earlier stage compared with an equivalent dilatation of the ST junction. This should greatly increase the chance of preserving the valve without the need for cusp repair.
